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ABSTRACT 
 
Surface pitting occurs when InP electrodes are anodized in KOH 
electrolytes at concentrations in the range 2 – 5 mol dm-3. The process has 
been investigated using atomic force microscopy (AFM) and the results 
correlated with cross-sectional transmission electron microscopy (TEM) 
and electroanalytical measurements. AFM measurements show that pitting 
of the surface occurs and the density of pits is observed to increase with 
time under both potentiodynamic and potentiostatic conditions. This 
indicates a progressive pit nucleation process and implies that the 
development of porous domains beneath the surface is also progressive in 
nature. Evidence for this is seen in plan view TEM images in which 
individual domains are seen to be at different stages of development. 
Analysis of the cyclic voltammograms of InP electrodes in 5 mol dm-3 KOH 
indicates that, above a critical potential for pit formation, the anodic current 
is predominantly time dependent and there is little differential dependence of 
the current on potential. Thus, pores continue to grow with time when the 
potential is high enough to maintain depletion layer breakdown conditions.  
 
INTRODUCTION 
 
There is considerable interest in the electrochemical formation of porosity in 
semiconductors, from the point of view of fundamental understanding and because of their 
potential applications.1-7 Much of the work has focused on pore formation in n-and p-type 
silicon but investigations of pore formation in III-V semiconductors such as GaAs8-11 and 
InP12-15 have also been reported. It has been suggested that controlled modulation of the 
pore diameter and pore growth direction in such structures could lead to photonic crystals 
with a photonic band gap in the near-infra red or visible region. Pore growth in 
semiconductors has been shown to be affected by electrolyte concentration12,16,17 and 
substrate type18, orientation19 and doping density.20 Considerable progress has been made 
in understanding the basic mechanisms of pore formation in silicon under electrochemical 
conditions. For silicon, several pore formation models have been proposed to account for 
the variety of observed pore types,21-23 but only a limited number of investigations of the 
mechanism of pore formation in III-V semiconductors have been reported. We have 
recently reported12 that both potentiodynamic and potentiostatic anodization in KOH 
electrolytes can result in the formation of a porous region below the surface of an InP 
electrode. The evidence strongly suggests that the porous layer structure arises from the 
penetration of pits into the surface at particular points and pore propagation within the InP 
originating at these points and proceeding along the (100) direction.24 The electrolyte 
within the porous structure is connected to the bulk electrolyte by a limited number of 
surface pits which form channels through a dense near-surface layer, thus providing a 
mechanism by which the porous layer can grow. Consequently, these channels play a 
critical role in the evolution of the porous structure.  
 This paper presents results of a detailed investigation of the pitting of the InP 
surface in aqueous KOH electrolytes under anodic conditions and discusses the role of 
these pits in the formation of the sub-surface porous region. 
 
EXPERIMENTAL 
 
The working electrode consisted of polished (100)-oriented monocrystalline sulfur 
doped n-InP with a carrier concentration of  ~3 × 1018 cm-3. An ohmic contact was made 
by alloying indium to the InP sample and the contact was isolated from the electrolyte by 
means of a suitable varnish. The electrode area was typically 0.2 cm2. Anodization was 
carried out in aqueous KOH electrolytes with concentrations in the range 2 – 5 mol dm-3. 
A conventional three electrode configuration was used employing a platinum counter 
electrode and saturated calomel reference electrode (SCE) to which all potentials are 
referenced.  Prior to immersion in the electrolyte, the working electrode was dipped in a 
3:1:1 H2SO4:H2O2:H2O etchant and rinsed in deionized water. All of the electrochemical 
experiments were carried out at room temperature and in dark conditions. 
A CH Instruments Model 650A Electrochemical Workstation interfaced to a 
Personal Computer (PC) was employed for cell parameter control and for data acquisition. 
Slices for cross-sectional microscopic analysis were prepared by thinning to electron 
transparency using standard focused ion beam milling procedures by means of a FEI 200 
FIBSIMS workstation. The transmission electron microscopy (TEM) characterization was 
performed using a JEOL 2010 TEM operating at 200 kV. All AFM data was acquired 
using a Topometrix Explorer. 
 
RESULTS AND DISCUSSION 
       
Potentiodynamic Anodization 
 
Fig. 1 shows linear sweep voltammograms of n-InP electrodes in KOH electrolytes 
of 2, 3 and 5 mol dm-3 concentration. The potential was scanned at a rate of 2.5 mV s-1 
from 0.0 V to an upper potential Eu. At potentials less than 0.3 V, very little current flow 
is observed in each case, but continued anodization to potentials greater than 0.35 V 
results in a rapid increase in the current density. For example, in 5 mol dm-3 KOH (Fig. 1a) 
the current density increases rapidly from a value of 1 mA cm-2 at 0.35 V to a peak value 
of 20 mA cm-2 at 0.48 V. At potentials above the peak, the current density decreases quite 
rapidly, reaching a minimum value of 3 mA cm-2 at 0.6 V. Similar behavior is observed in 
3 mol dm-3 and 2 mol dm-3 KOH (Figs. 1b and 1c) and a secondary peak is observed at 
higher potentials. 
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Fig. 1 Cyclic voltammograms n-InP electrodes in (a) 5 mol dm-3 (b) 3 mol dm-3 and (c) 2 
mol dm-3 KOH. The potential was scanned at a rate of 2.5 mV s-1 from an initial potential 
of 0.0 V (SCE). 
 
 
Visual inspection and optical microscopy of InP surfaces which were subjected to 
potential sweep anodization from 0.0 V to 0.35 V showed a specularly reflecting surface 
with very few features apparent. A typical AFM image of the surface after such a sweep in 
5 mol dm-3 KOH is shown in Fig. 2a. 
 
  
 
Fig. 2 AFM images of the surface of (a) an InP electrode after a potential sweep from 0.0 
V to 0.3 V (SCE) in 5 mol dm-3 KOH at 2.5 mV s-1 and (b) an as-received InP wafer. 
 
 
(a) 
(b) 
(c) 
Epit 
(a) (b) 
An image of a typical as-received InP wafer is shown for comparison in Fig. 2b. It is clear 
that anodization to this potential has caused relatively little surface modification. The root-
mean-square (rms) roughness was estimated for both samples from the AFM data and 
values of 2.4 nm and 0.88 nm were obtained for the anodized and as-received samples 
respectively. Thus, anodization of InP electrodes to potentials of ~0.35 V results in some 
surface modification and a modest increase in roughness. However, there is no evidence of 
pit formation. 
Fig. 3a shows an AFM image of the surface of an InP electrode that was subjected 
to a potential sweep from 0.0 V to 0.425 V in 5 mol dm-3 KOH at 2.5 mV s-1. The image 
clearly shows an etch pit which has formed on the surface. Similar pits were observed in 
AFM images obtained for potential sweep experiments at other upper potentials in the 
range 0.4 V to 0.53 V. For example, an image obtained for an upper potential of 0.48 V 
(i.e. at the current peak) is shown in Fig. 3b. Line scans through the AFM images in Figs. 
3a and 3b are shown in Figs. 3c and 3d. Although the AFM cannot measure the diameter 
of deep pits, we can obtain some estimate of the diameter of the pits from these traces. 
Thus, taking the value of the full width at half maximum (FWHM) from these traces we 
obtain a value of ~50 nm for the pit diameter in each case. 
             
   
 
 
 
 
 
Fig. 3 AFM images of the InP surface after potential sweep anodization at 2.5 mV s-1 in 5 
mol dm-3 KOH from 0.0 V to (a) 0.425 V, (b) 0.48 V. (c) Line scan of the pore shown in 
(a); (d) Line scan of the pore shown in (b). 
(b) (a) 
(d) 
(c) 
Similar pits were observed in AFM images of InP electrodes subjected to potential 
sweep anodization in 2 mol dm-3 and 3 mol dm-3 KOH. The FWHM of the corresponding 
line scans suggest that the pit diameters are greater for 2 mol dm-3 KOH than for 3 mol 
dm-3 and 5 mol dm-3. This would also correspond to the observation in TEM cross-
sections of an increase in pore width as the KOH concentration is reduced.12 Furthermore, 
for a given electrolyte concentration, the mean pit diameter, as determined from the 
FWHM of the AFM line scans through the centers of the pits, remains relatively constant. 
 
 
Fig. 4 Cross-sectional dark field TEM of an n-InP electrode after a potential sweep from 
0.0 V to 0.675 V (SCE) in 3 mol dm-3 KOH at a scan rate of 2.5 mV s-1. A channel 
through the near-surface layer is visible. The plane of the micrograph is (011). 
 
TEM examination of electrode cross-sections also showed evidence of surface 
pits. A typical surface pit formed after a potential sweep in 3 mol dm-3 KOH from 0.0 V to 
0.675 V is shown in Fig. 4. It can be seen that the surface pit extends through the near-
surface layer forming a channel between the porous region of the substrate and the bulk 
electrolyte. The texture of this micrograph suggests that the pores emanate from the 
surface pits and there is evidence of increased levels of dissolution local to the surface pit.  
 
Fig. 5 AFM image of the surface of an InP electrode subjected to a potential sweep from 
0.0 V to 0.48 V at 2.5 mV s-1 in 5 mol dm-3 KOH. 
Etch pit 
Estimates were made of the areal density of pits on electrode surfaces after 
anodization under potentiodynamic conditions. A series of experiments was carried out in 
which electrodes were subjected to potential sweeps at 2.5 mV s-1 from 0.0 V to upper 
potentials in the range 0.48 V to 0.68 V and 10 µm × 10 µm AFM images of the resulting 
surfaces were obtained. A typical such image is shown in Fig. 5 for an upper potential of 
0.48 V (corresponding to the current peak). At this lower magnification, multiple pits are 
visible on the surface. By counting the pits (~23 for this image) in such images we can 
estimate the average areal density of pits in the surface. 
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Fig. 6 Surface pit density, as determined by AFM, plotted as a function of the upper 
potential limit of the potential sweep. The scan rate was 2.5 mV s-1 and the electrolyte was 
5 mol dm-3 KOH. 
 
 
Estimates of pit density were similarly obtained for other upper potentials and the 
results are plotted in Fig. 6. It is clear that the density of pits in the surface increases 
progressively with increasing potential. The rate of increase is greatest in the vicinity of 
0.45 V. This corresponds to half the peak current on the low-potential side of the peak in 
the current-voltage curve in Fig. 1a. Above ~0.48 V (i.e. the potential of peak current) the 
pit density begins to plateau and any further increase in pit density is small. Thus, the 
observed increase in density of pits in Fig. 6 corresponds to the onset of the anodic peak in 
Fig. 1a. There is evidence from TEM measurements24 that a square based pyramidal 
porous domain forms beneath each etch pit on the surface. Thus, as the etch pits form 
progressively on the surface of the electrode, so the formation of porous domains also 
occurs progressively. The progressive formation of square-based pyramidal shaped porous 
domains beneath etch pits on the surface can be seen in the (100) plan view TEM images 
Ep 
in Fig. 7a. This plan-view TEM micrograph was acquired after ion-milling ~100 nm into 
the surface of an InP electrode subjected to a potential sweep from 0.0 V to 0.44 V in 5 
mol dm-3 KOH at a scan rate of 2.5 mV s-1. Numerous domains are visible and some are 
noted to be considerably more developed than others. Furthermore, in some areas, 
considerable domain merging has occurred. In Fig. 7b, a cross-sectional TEM of an 
electrode anodized under the same conditions is shown. This image was acquired from a 
region where domains are seen to merge. The image suggests that several pyramidal 
porous domains are overlapping. Also, a channel in the near-surface layer at the center of 
one of the overlapping pyramidal structures is evident at ‘A’ in Fig. 7b. 
 
 
  
 
 
Fig. 7 (a) Plan view TEM of n-InP ~100 nm below the surface after a potential sweep 
from 0.0 V to 0.48 V at a scan rate of 2.5 mV s-1 in 5 mol dm-3 KOH electrolyte. The 
progressive development of the porous domains is apparent. (b) Cross-sectional (011) 
projection of the same electrode as in (a) showing merged pyramidal porous domains. 
 
 
Potentiostatic Anodization 
 
Experiments were also carried out at constant potential. In a series of experiments 
in 5 mol dm-3 KOH, the potential was stepped from open circuit to potential values in the 
range 0.5 – 0.75 V. These potentials correspond to values on a typical current-voltage 
A 
(a) 
(b) 
curve at which porous layer formation is observed. Fig. 8 shows the current-time curve 
obtained for an InP electrode anodized in 5 mol dm-3 KOH at a potential of 0.5 V. The 
current initially increases with time reaching a peak after 23 s and subsequently decreases. 
This type of current-time curve is typically observed where a nucleation process is 
occurring. Similar current-time curves are observed for InP electrodes anodized in 2 and 3 
mol dm-3 KOH and details of these can be found elsewhere.12 In all cases, porous layers 
are observed to form beneath the surface. 
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Fig. 8 Current-time curve for InP anodized at a potential of 0.5 V in 5 mol dm-3 KOH. 
  
 
 
 
Fig. 9 AFM image of the InP surface after constant potential anodization at 0.5 V (SCE) 
in 5 mol dm-3 KOH for 25 s.  
AFM studies were also conducted on electrode surfaces subjected to potentiostatic 
anodization. InP electrodes were anodized at 0.5 V for times ranging from 5 s to 40 s and 
AFM images of the surfaces were obtained. A typical image obtained after 25 s is shown 
in Fig. 9. Again, a pit similar to those shown in Figs. 3a and 3b can be observed. Images at 
other anodization times showed similar pits.  
Values of pit density obtained from such images are plotted as a function of 
anodization time in Fig. 10. It is observed that the density of pits formed on the surface 
increases with time and approaches a plateau value after 20 – 30 s. Thus, surface pitting at 
constant potential develops in a similar manner to that observed under potential sweep 
conditions and is a progressive process. 
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Fig. 10 Surface pit density plotted as a function of time. The data was acquired on 
multiple areas (10 µm × 10 µm) on multiple electrode surfaces anodized at 0.5 V in 5 mol 
dm-3 KOH. 
 
 
Deconvolution of the Effect of Potential and Time 
 
 A series of cyclic voltammograms was obtained in which the potential was scanned 
from 0.0 V to higher values of the upper potential Eu at a scan rate of 2.5 mV s-1 in 5 mol 
dm-3 KOH. Typical cyclic voltammograms are shown in Fig. 11, where the upper potential 
Eu is less than the peak potential Ep. It is evident that an increase in current occurs initially 
on the reverse sweep as the potential is decreased, eventually reaching a current peak, 
after which the current decreases with decreasing potential.  
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Fig. 11 Cyclic voltammograms of InP electrodes in 5 mol dm-3 KOH at a scan rate of 2.5 
mV s-1 with upper potentials of (a) 0.445 V and (b) 0.47 V (SCE) respectively. ∆Iexp 
represents the difference in reverse scan peak current densities. A linear potential sweep 
from 0.0 V to 0.7 V at 2.5 mV s-1 is also shown. 
 
Fig. 12 shows cyclic voltammograms of InP electrodes in 5 mol dm-3 KOH at a 
scan rate of 2.5 mV s-1 with upper potential limits greater than Ep. On the reverse scan, the 
current densities are lower than the corresponding current densities on the forward scan 
and continue to decrease as the potential is decreased. Cyclic voltammograms where Eu = 
Ep show negligible hysteresis, i.e. the reverse curve coincides with the forward curve. 
It is useful to examine the cyclic voltammograms in more detail to gain further 
insight into the temporal dependence of porous layer growth on InP under anodic 
conditions. As the measured current is a function of both potential E and time t, we can 
write  
 ( )tEII ,=                         
(1) 
Therefore, 
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and since E = νt, where ν is the scan rate, 
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Fig. 12 Cyclic voltammograms of InP electrodes in 5 mol dm-3 KOH at a scan rate of 2.5 
mV s-1 with upper potentials of (a) 0.52 V, (b) 0.55 V and (c) 0.65 V. 
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Thus, at any potential Eexp on a cyclic voltammogram, the slope of the forward curve is  
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and the slope of the reverse curve is 
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Although the functional relationship in Eqn. 1 is not necessarily the same for the 
forward and reverse curves, we assume that it is instantaneously the same at the point of 
potential reversal, i.e. at Eu. Thus it follows from Eqns. 5 and 6 that 
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where mf and mr are the slopes of the forward and reverse curves respectively at Eu. From 
cyclic voltammograms to various values of Eu in the range 0.41 – 0.626 V, the slope mf of 
the forward curve at Eu and the slope mr of the reverse curve at Eu were estimated. The 
values obtained are plotted in Fig. 13. The slope of the forward curve has the expected 
dependence for the derivative of the peak in the cyclic voltammogram, while the slope of 
the reverse curve is roughly equal and opposite in sign at all potentials.  
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Fig. 13 Potential dependence of the slopes of the forward and reverse curves, mf  and mr, 
at the upper potential limit Eu for a series of cyclic voltammograms of n-InP electrodes in 
5 mol dm-3 KOH at a scan rate of 2.5 mV s-1. 
 
From the data in Fig. 13, 
tE
I 


∂
∂ and 
Et
I 


∂
∂ were estimated according to Eqns. 7 
and 8 and the values obtained are plotted as a function of potential in Fig. 14. From Fig. 
14, it can be seen that 
tE
I 


∂
∂ is small: the scale in Fig. 14 is the same as that in Fig. 13. 
Thus most of the current variation observed in the region of the anodic peak in the cyclic 
voltammogram is due to a time dependence rather than a true voltage dependence of the 
current. 
It can also be seen from Fig. 14 that, at potentials less than 0.48 V (the potential of 
the current peak), the values of 
Et
I 


∂
∂ are positive indicating that current increases with 
time while at potentials greater than 0.48 V, the values of 
Et
I 


∂
∂ are negative indicating 
that current decreases with increasing time. This is explicable in terms of the mechanism of 
pore growth reported previously24. Once a critical potential for pit formation is reached, 
the increase in current (representing the growth of sub-surface pores) is primarily 
controlled by time. Initially, the current increases with time as surface pits are nucleated 
and each pit gives rise to a growing porous domain. After some time, domains begin to 
merge and eventually no longer grow: this gives rise to a decrease in current.  
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Fig. 14 Potential dependence of 
tE
I 


∂
∂ (-●-) and 
Et
I 


∂
∂ (-■-) at the upper potential limit 
Eu.  The plot is derived from the data in Fig. 13. 
 
 Mechanism of Pit Initiation 
 
For pitting of the surface to occur under anodic conditions, it has been suggested 
that a mechanism which limits current flow across the interface is essential to establish the 
conditions necessary for localized preferential etching.25 This current limitation occurs 
either due to passivation of the surface or due to the absence of available holes at the 
surface of n-type semiconductors anodized in the dark. Breakdown of the depletion layer 
at more defective sites occurs at lower potentials26,27  and enhanced dissolution will occur 
at these sites resulting in pitting.28 A similar effect may occur due to breakdown of an 
otherwise stable oxide film on the surface. 
Whether pit initiation stems from a breakdown mechanism within the 
semiconductor or breakdown of a surface film, the resulting effect is the same: pitting of 
the substrate occurs. Once a pit is formed, the electric field is greatly enhanced due to the 
curvature of the pit bottom. Thus, preferential hole generation occurs in the vicinity of the 
pit bottom leading to an enhanced etch rate.  
 
CONCLUSIONS 
  
 Anodization of n-InP in a KOH electrolyte at concentrations of 2 mol dm-3 or 
greater results, under certain conditions, in selective etching of InP and the formation of a 
porous InP layer near the surface of the electrode. Linear sweep voltammograms of n-InP 
electrodes in these electrolytes show a pronounced anodic peak. AFM measurements show 
that pitting of the surface occurs both under potentiodynamic and potentiostatic 
conditions. The pits formed in 5 mol dm-3 KOH are observed to have a typical diameter of 
~ 50 nm. Each of these pits acts as a source for a pyramidal porous domain, and these 
domains eventually merge to form a continuous porous layer. The density of surface pits is 
observed to increase with time under both potentiodynamic and potentiostatic conditions 
indicating a progressive pit nucleation process. This implies that the development of 
porous domains beneath the surface is also progressive in nature. Evidence for this is seen 
in plan view TEM images in which individual domains are seen to be at different stages of 
development. Analysis of the cyclic voltammograms of InP electrodes in 5 mol dm-3 KOH 
indicates that, above a critical potential for pit formation, the anodic current is 
predominantly time dependent and there is little differential dependence of the current on 
potential. Thus, pores continue to grow with time when the potential is high enough to 
generate a plentiful supply of holes at the pore tips, i.e. to maintain depletion layer 
breakdown conditions. 
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